Cooling the rotation and the vibration of molecules by broadband light sources was possible for trapped molecular ions or ultracold molecules. Because of a low power spectral density, the cooling timescale has never fell below than a few milliseconds. Here we report on rotational and vibrational cooling of a supersonic beam of barium monofluoride molecules in less than 440 µs. Vibrational cooling was optimized by enhancing the spectral power density of a semiconductor light source at the underlying molecular transitions allowing us to transfer all the populations of v ′′ = 1 − 3 into the vibrational ground state (v ′′ = 0). Rotational cooling, that requires an efficient vibrational pumping, was then achieved. According to a Boltzmann fit, the rotation temperature was reduced by almost a factor of 10. In this fashion, the population of the lowest rotational levels increased by more than one order of magnitude.
Collisions, ionization, fragmentation, ablation or sputtering [1, 2] are processes used for molecular formation in gas phase that are frequently implemented in laboratories. Molecules are thus formed in various distributions of internal and external degrees of freedom, the characteristics of which have a strong impact on experimental studies. In order to obtain better control of these molecular samples, some common techniques such as cryogenics and supersonic expansion are used to cool all degrees of freedom [3] [4] [5] [6] [7] [8] . However, these techniques cannot be triggered on demand, nor are they equally effective for all types of experiments [9] [10] [11] . A method that, upon request, would effectively modify internal and external molecular states would be a breakthrough with multiple impacts in various domains of physics [12] [13] [14] [15] [16] and modern physical chemistry [17] [18] [19] [20] . For example, such a tool, which would only act on internal states, should facilitate the decongestion of lines often encountered in spectroscopy, the preparation of states for collision studies, or even further optical manipulations (such as laser cooling of the molecular motion). In the last decade, it has become apparent that light can be useful for manipulating molecules [21] . Among other things, it was demonstrated that optical pumping of internal degrees of freedom is applicable to neutral molecules [22] [23] [24] [25] and molecular ions [26] [27] [28] [29] . All the demonstrations were achieved with trapped or ultracold molecules because the cooling timescale ranged from a few ms to several seconds, which is far too long for free and fast particles. Experiments leading to the lowest observed timescale (ms) relied on broadband optical sources exciting many different molecular resonances. In fact, the low power spectral density in the vicinity of these resonances implied a much longer timescale than that achieved by narrow linewidth lasers with common intensities (≤ 1 W). Therefore, the development of a light source whose power density would be enhanced in the relevant spectral areas should accelerate optical cooling. In the present work, such an optimized light source was realized with a Tapered Amplifier (TA) and applied to supersonic beam of barium monofluoride (BaF). This allowed us to obtain a vibrational cooling, the speed of which made rotational cooling possible.
Our experimental set-up is based on an ordinary seeded beam expanded from a supersonic nozzle with a 10 Hz repetition rate. Barium monofluoride (BaF) molecules were produced by chemical reaction between barium atoms ablated from a solid target by a pulsed laser and SF 6 molecules seeded in the carrier gas (Ar). Near the nozzle, collisions between BaF and Ar induced an effect of thermalization and the temperatures related to translation, rotation and vibration were T trans ≤ 10 K, T rot ≈ 50 K and T vib > 500 K respectively. The unequal rates of cooling for each degree of freedom is a well known fact that has already been reported [30, 31] . This molecular beam penetrated a second room through a 3 mm skimmer where the local pressure was about 10 −7 mbar, propagating freely over 25 cm for 440 µs and eventually passing through a 1.5 mm pinhole before detection. During this time, three 1.5 W light beams with transverse dimensions smaller than 2 mm were used for optical pumping: a diode laser at ∼ 11170 cm −1 (895 nm) and a retro-injected optical TA at ∼ 11760 cm −1 (850 nm) were dedicated to vibration whereas another diode laser at ∼ 11630 cm −1 (860 nm) was used for rotation. They propagated in the opposite direction with respect to the molecular beam in order to maximize the interaction time. Their access to the vacuum chamber was enabled by mechanical shutters or Acousto-Optic Modulators (AOM) which allowed us to perform toggle experiments. Detection was ensured by Resonant Enhanced Multi-Photon Ionization (REMPI) using a pulsed tunable laser based on a Optical Parametric Oscillator (OPO) at ∼ 20400 cm −1 (490 nm) with 0.1 cm −1 resolution and Micro Channel Plates (MCP) for subsequent photo-ionization. Scanning the OPO laser provided spectra of the seconds to the ground state; also J ′ , J ′′ are total angular momenta and N ′′ is a rotational quantum number. In first place, it is important to describe the principles of the vibrational pumping scheme that motivated the realization of a specific light source. The choice of optical transitions between the X and A electronic states was guided by the fact that leaks to other electronic states are negligible [32] . Disregarding the rotation momentarily, the vibrational transition energies are given by giving rise to an excitation spectrum with a comb shape. A sideband cooling scheme can be implemented by using a light source covering the ∆v = −1 transitions. In fact, it is unlikely that spontaneous emission will once again change the vibrational quantum number because the diagonal Franck-Condon factors q v ′ ,v ′′ are very close to one for v ′′ = v ′ . In other words, a single photon absorption has a high probability to reduce the vibrational quantum number by one unit. The particular structure of q v ′ ,v ′′ in BaF is the origin of the simplicity of this vibrational cooling scheme. This advantage is compensated by small excitation strengths, given that
The consequence is that fast pumping requires important power spectral density in the vicinity of the molecular resonances. A suitable light source was realized with the TA. The schematics used to tailor its spectrum is illustrated in Fig. 1 . The idea consisted in injecting the TA by its own spontaneous emission (100 mW) submitted to a spectral 
Peak labeling reads as (v ′′ , ∆J ′′ ) where ∆J = J ′ − J ′′ = −1, 0, +1 are denoted by P, Q and R respectively. The orange spectrum is recorded without any optical pumping and the blue spectrum with optical vibration cooling. The corresponding light source is a TA with the typical spectrum inserted in Fig. 1 .
shaping over ∼ 130 cm −1 (10 nm) centered on ∼ 11760 cm −1 (850 nm). Two commutable shaping lines were available. The first line was a Fabry-Perot (FP) cavity formed by two plane mirrors. The reflection on the cavity, used as a seeding, has a comb structure whose peaks are separated by the FP free spectral range and have a width determined by the reflectivity of the mirrors. By fixing the cavity length to ∼ 0.1 mm, the TA spectrum had a few evenly-spaced peaks separated by ∼ 30 cm −1 . The wavelength position could be finely adjusted by positioning one of the mirrors by a piezoelectric actuator. The stability of the cavity, checked with an optical spectrum analyzer (ANDO AQ6317B), was such that the peak drift was about 0.01 nm/h, slow enough to record data. As for the width of the peak, it was chosen so as to excite the whole rovibrational Q-branch. This required a width of ∼ 2.7 cm −1 (0.2 nm), made possible by the use of 30% reflective mirrors. The second shaping line was based on a dispersive grating and an array of micro-mirrors arranged in a folded 4-f line configuration as described in [22] . It allowed us to select any tailored spectrum with ∼ 0.7 cm −1 resolution. This grating-based shaping was more flexible and accurate than the FP cavity but gave access to a less extended spectrum owing to important power losses caused by the grating and the micro-mirrors.
The effect of the TA seeded by the FP line on BaF molecules was easily observed by recording two spectra in toggle mode as shown in Fig. 2 . It is clear that the populations of v ′′ = 1 − 3 were completely transferred into v ′′ = 0 whose population was multiplied by more than a factor 2. The transfer efficiency and the number of vibrational levels affected by the TA depends on the relative peak amplitudes of the light source. By tweaking a few geometrical features of the shaping line, the amplitudes were easily modified which impacted the results: it was observed that the population of much higher levels, up to v ′′ = 7, could be decreased but, in return, the efficiency to empty the lower levels , such as v ′′ = 1, 2, fell apart rapidly. Two main causes can explain this observation. First, q v ′′ −1,v ′′ is a increasing function of v ′′ which means that the speed of optical pumping is reduced for low v ′′ values at a given optical power density. Then, the evolution of the population for a given v ′′ also depends on the inflow of population which lasts longer as v ′′ is small. A precise count of the number of molecules for each v ′′ was made difficult owing to several combined factors. First of all, the REMPI signal for v ′′ > 0 was essentially limited to the Q-branches whose underlying rovibrational lines were unresolved by the OPO laser and consequently overlapped each other. This overlap and the resulting Q-branch amplitude was then sensitive to the OPO linewidth but also to a possible power broadening that depends on the FC factors of the X-C transitions and strongly varies with v ′′ . However, the question of pumping efficiency was addressed quantitatively by using the TA with the 4-f line. This device also allowed us to produce a 1.5 W light source with a spectral distribution centered on 11797 cm −1 (847.67 nm) with ∼ 2.7 cm −1 (0.2 nm) linewidth, which corresponds to a vibrational pumping of the Qbranch of v ′′ = 1 only. Thanks to an AOM, the interaction time between the molecules and the light beam was scanned, providing a time-dependent depletion signal of v ′′ = 1. An exponential decay with a time constant of 30 µs was recorded, which is consistent with a simple rate model using experimental parameters without adjustment.
The fact that the vibrational pumping of v ′′ = 1 took much less time than the propagation time of the molecular beam paved the way for rotational cooling. Indeed, our rotational cooling scheme only involved molecules in v ′′ = 0 submitted to rovibrational cooling transi-
. This type of transition is most appropriate because q 00 ∼ 0.95, which typically implies that a dozen of absorptionspontaneous emission cycles could be induced before a change of vibrational state occurs. Because q 01 ≫ q 0v ′′ for v ′′ > 1, molecules escaping from v ′′ = 0 should reach v ′′ = 1 almost exclusively. Our rotational cooling scheme aimed at accumulating the maximum number of molecules in the lowest rotational levels. Necessarily, selection rules of optical transitions impose a maximum change |∆J| ≤ 1 and a change of parity between the initial and final state. Given the spontaneous emission is out of control in a way, the lowering scheme relied on excitations causing ∆J = −1 (called P-branch). In other words, the frequencies leading to ∆J = 0, 1 (respectively Q and R-branches) had to be removed from the light spectrum. Considering the Hönl-London factors, an "absorption-emission" step driving only the P-branch lowers the J value with a probability 3/4 [33] . Ideally, the succession of such steps should end up with two populated levels, each one corresponding to the lowest rotational level available for a given parity. For a more realistic description, it must be considered that the X and A states of BaF are described by two different Hund's cases. Instead of a simple P-branch, there are then P P, O P transitions and also P Q transitions (labeled as ∆N ∆J) in the same spectral area [34] . The broadband light source used for rotational cooling was designed to cover the spectral region occupied by these aforementioned transitions. A 4-f line, almost identical to that used with the TA, ensured a suitable spectral shaping by removing any light below ∼ 11607 cm −1 and above ∼ 11634 cm −1 ). The propagation factor of our diode (M 2 = 21 for the "best" axis) impacted the cut-off resolution that, considering the first order of diffraction and assuming Rayleigh criterion for the minimum resolvable detail, lead to a theoretical and measured resolution of 5.3 cm −1 . This is 25 times larger than the X state rotational constant, B v ′′ =0 ≈ 0.21 cm −1 , i.e. the resolution needed to separate the lowest J values of the P branch without affecting the Q and R-branches. To compensate the vibrational change occasioned by the rotational cooling, the TA source is used with its 4f-line to produce a 2 W light source with a 0.2 nm linewidth to induce Q-branch excitations of the
As the spectral density turned out to be slightly insufficient to bring molecules back to X 2 Σ(v ′′ = 0), the laser diode at ∼ 11170 cm −1 was added with a spectral full half-width maximum of 2 nm to drive the
The difference of about 590 cm −1 (45 nm) between the two similar fine transitions was sufficient to combine our light beams with a dichroic mirror.
The effect of our rotational cooling scheme was tested by comparing REMPI spectra obtained in toggle mode. A typical pair of unaveraged REMPI spectra is given in Fig. 3 . The upper red spectrum reflects the rotational distribution of the X 2 Σ + (v ′′ = 0, J ′′ , N ′′ ) with vibrational pumping only. This pumping transferred the initial population of v ′′ = 1 into v ′′ = 0 with presumably minor changes on the rotational distribution. On the other hand, the lower blue spectrum was obtained whith rotational cooling. The modification of the spectrum shape is attributed to a displacement of the maximum of the rotational distribution. This assertion was confirmed and quantified by fitting the spectra with a theoretical model where the populations of X 2 Σ + (v ′′ = 0, J ′′ , N ′′ ) were the free paramaters. Although the REMPI resolution was insufficient to distinguish the lines of the P and Q-branches, the well separated lines from the R branch greatly facilitated our fitting procedure. The line positions were provided by molecular constants of the [34, 35] while the transition intensities were calculated by PGopher [36] .The REMPI linewidth was calculated by taking into account the natural OPO linewidth and the power broadening. The fitting models are represented by REMPI spectra recorded in toggle mode. Vibrational pumping v ′′ = 0 ← v ′′ = 1 was always on, but, for the lower spectrum, the light source for rotational cooling was applied. The red and blue curves are the raw data and the black lines correspond to a fitting procedure. P, Q and R-branches are clearly separated in the upper spectrum because the rotational temperature is high enough whereas they are merged in the lower spectrum which indicates substantial rotational cooling. Relative population   0  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33 the black lines in Fig. 3 and the corresponding rotational resulting populations are represented in Fig. 4 . The upper red (resp. lower blue) distribution corresponds to the rotational population of the spectrum without (resp. with) rotational cooling whereas the red and blue lines are the best fitted Maxwell-Boltzman (MB) distributions. For the distribution without rotational cooling, the MB temperature and the mean energy are T rot = 53 K and E rot /kB = 52 K respectively. For the distribution obtained with rotational cooling, the same calculated quantities are T rot = 6 K and E rot /kB = 18 K. The difference originates from the fact that rotational cooling is not a thermalization process. However, whatever the description, an unambiguous rotational cooling has been observed leading to multiply the population of some low rotational levels up to a factor 18 if the effects of rotational and vibrational cooling are combined (cf. Fig. 4 ).
In conclusion, prior works demonstrated that a light source with a broadband spectrum was able to cool the internal degrees of freedom. The light spectrum was then shaped by removing power in well chosen spectral regions. This approach was limited to trapped molecular ions or ultracold molecules because the photon absorption rate was too low for unconfined molecules. Here the use of a TA allowed us to tailor the light spectrum without power losses which had been a key element to cool the vibration of BaF molecules. Although the shape of the light source spectrum is simplified owing to the unusual structure of BaF, the method should be applicable to other species if the use of micro-mirrors generates the suitable spectrum. It is worth insisting on the fact that rotational cooling had been accessible because of the efficiency of vibrational cooling. A deeper rotational cooling should be accessible by improving the resolution of the spectral cut-off. This could be improved by a light source with a quality factor M 2 ∼ 1. Some other limitations could arise from the existence of dark states given that the light is polarized and the decrease of J ′′ goes with a reduction of the number of sub-magnetic levels. Some preliminary experiments seem to have indicated that this effect was not relevant for the current experiment.
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